ABSTRACT
INTRODUCTION
The availability of the draft sequences of the human genome has greatly accelerated the identification of novel protein encoding genes (1, 2) . Sequencing of genomes of other organisms and improvements in gene prediction algorithms have further contributed to the rapid identification of computationally derived protein-encoding transcripts. However, functional characterization of these predicted genes requires the expression of encoded proteins from physical full-length clones. Unfortunately, many of these full-length clone reagents are not available from public or commercial clone repositories. Most current large-scale efforts for obtaining full-length clone reagents rely on clone selection from cDNA libraries on the basis of 5′ and 3′ expressed sequence tag clone end sequences (3, 4) . Such a process is only successful for obtaining full-length clones of short transcripts with an average clone insert size of 1.2 kb and a maximum insert size of 6.3 kb (5) . Furthermore, as these clones have been prepared from oligo-d(T) priming, the presence of long 3′ untranslated regions significantly limits the actual protein-coding length of the clones isolated. Our laboratory has been generating fulllength clone reagents for genes not found among our large collection of approximately 10 million sequenced human cDNA clones. We have primarily used RT-PCR to amplify these genes from mRNA using electronic full-length DNA sequences derived from gene prediction software, assembly algorithms, and hand editing. While we have been successful with this technology in isolating even the lowest-abundance transcripts, we found that the amplification of longer transcripts of more than 10 kb required various optimization strategies during the reverse transcription step. Often, multiple rounds of cDNA synthesis using varying conditions or different enzymes were required before a particular gene could be successfully amplified. As the choice of cDNA synthesis condition could not be predetermined for each gene, testing multiple conditions simultaneously or sequentially significantly increased processing time and cost. With the widespread use of robotics and miniature systems, more and more research laboratories now have the capability to perform high-throughput experiments with large clone sets. The ability to use PCR to generate protein-encoding The AMV, the wild-type MMLV, or the RNase-deficient (RNase H-minus) MMLV reverse transcriptase enzyme was used. All reactions were performed following manufacturer-supplied protocols, except tubes 3 and 7, which included DMSO as an RNA denaturant and Pfu as a proofreading polymerase. Promega supplied all reverse transcriptases. 
MATERIALS AND METHODS

cDNA Synthesis
Eight separate conditions were used for reverse transcription (Table  1 ). In each, 5 µg mRNA template were used per tube in a final volume of 20 µL. All reactions followed standard reverse transcription procedures using manufacturer-supplied protocols and buffers, except for tubes 3 and 7, which included the following modifications: mRNA was denatured at 70ºC in the presence of 40% DMSO for 10 min. cDNA synthesis was carried out with a final concentration of 10% DMSO using 200 U RNase Hdeficient Moloney murine leukemia virus (MMLV) reverse transcriptase and 5 U Pfu DNA polymerase. After an initial incubation at 42ºC for 20 min, the tubes were incubated at 58ºC for 10 min to activate the Pfu DNA polymerase and to cause partial heat denaturation of RNA secondary structures (6) . Two hundred units more of reverse transcriptase were then added, and the reactions were allowed to proceed at 42ºC for an additional 20 min. To improve PCR yield, the reactions from all tubes were pooled and treated with 10 U RNase H (Promega, Madison, WI, USA) following reverse transcription (7).
PCR Amplification of cDNA
Primers were selected using Oligo 6.6 software (Molecular Biology Insights, Cascade, CO, USA) ( Table  2) . PCR was performed with a mixture of Tth and Pfu. All PCR reagents were purchased from ) . Conditions were 82°C for 2 min (10 µL enzyme mixture were added during this step) and 94°C for 3 min, followed by 11 cycles of 94°C for 50 s, 65°C for 1 min, 68°C 14 min, and 32 cycles of 94°C for 50 s, 65°C for 14 min, plus 15 s/cycle. This was concluded with an extension cycle of 68°C for 10 min. One microliter of the primary PCR product was used as template for secondary PCR using nested primers following the same conditions. Ten microliters of the nested PCR product were separated on a 0.8% SeaKem ® GTG ® agarose gel and stained with Gelstar (BMA, Rockland, ME, USA) ( Figure 1 ). DNA in visualized bands was isolated with QIAquick ® spin columns (Qiagen, Valencia, CA, USA) and eluted into 50 µL 10 mM Tris (pH 8.0). Purified PCR products were cloned into pCR2.1-TOPO ® (Invitrogen, Carlsbad, CA, USA), and insert ends were sequenced to confirm their identity.
RESULTS AND DISCUSSION
The development of long PCR technology using DNA polymerase mixtures has enabled the robust amplification of ultra-long targets from cloned inserts and genomic DNA (8, 9) . However, RT-PCR on long cDNA templates has been difficult to achieve because of the inability to synthesize full-length cDNA efficiently. Multiple reverse transcription conditions often need to be tested before each long cDNA template can be successfully amplified. Presumably, the truncation of cDNA is the result of the reverse transcriptase's inherent RNA-degrading RNase H activity and the enzyme's lack of processivity in regions of RNA secondary structure. A reverse transcriptase lacking RNase H activity has been developed as well as enzymes capable of thermophilic reverse transcription (10) (11) (12) (13) (14) (15) (16) . Reagents such as DMSO, betaine, formamide, glycerol, and trehalose, which facilitate the disruption of RNA secondary structure, have also been used to achieve full-length cDNA synthesis (17) (18) (19) . Although these improvements have increased our ability to amplify some large transcripts, we found that neither the additives alone nor the use of the RNase H-minus reverse transcriptase can guarantee the synthesis of full-length cDNA for any given gene. Furthermore, for some genes the avian myeloblastosis virus (AMV) or the RNase H-plus wild-type MMLV outperforms RNase H-minus MMLV in full-length cDNA RT-PCR.
We have developed a method to synthesize full-length cDNA to enable the large-scale amplification of multiple long cDNA templates from a single optimized cDNA source. We test our cDNA by amplifying four long fulllength mRNA transcripts ranging from 10.3 to 14.9 kb (Table 2) (20) (21) (22) (23) . We demonstrate successful RT-PCR of these long transcripts (Figure 1 ) without needing to optimize the cDNA synthesis reaction because, with our cDNA pool, at least one of the eight distinct conditions used to generate the cDNA pool is capable of full-length cDNA synthesis. For the four long mRNA transcripts tested, none could be amplified using cDNA prepared following standard conditions that did not include the modified reaction conditions used in tubes 3 and 7 (data not shown). However, even though cDNA from either tube 3 or 7 alone was sufficient for the full-length PCR amplification of these four selected mRNAs, the amplification of other mRNAs may have required standard reverse transcription conditions. As our goal is to devise a strategy to generate a single cDNA source for the large-scale PCR of multiple mRNAs in high-throughput setting, reverse transcription products from the other standard conditions were also included in our final single cDNA pool for PCR. Sequence analysis of the first and last 600 bp of the clone insert ends confirmed that the PCR products were amplified from the intended mRNA transcripts. Although the entire clone insert was not sequenced, analysis of the insert ends indicated that the combined error rates for RT and PCR were low at 1/600 bp, with all changes being singlebase substitutions. It is not known whether these changes were created during RT-PCR or if they were naturally occurring single nucleotide polymorphisms. Interestingly, with only a single exception, all changes detected led to silent mutations that do not alter the encoded amino acids. We believe that our addition of a proofreading function during the reverse transcription event significantly increased the full-length content of our cDNA. Incorporation of a wrong nucleotide by the reverse transcriptase at the 3′ end of the growing cDNA would inhibit the synthesis of full-length cDNAs. Because of the lack of a proofreading 3′→5′ exonuclease activity, error rates for all reverse transcriptases are high. An average error rate of 1 in 1000 bases has been shown (24, 25) . MMLV will only resume faithful incorporation 50% of the time after a mis-insertion (24) . Analogous to the use of proofreading activities in DNAdependent polymerase for long PCR, the proofreading activity can correct for errors made by the RNA-dependent polymerase during cDNA synthesis. This editing function is particularly useful for long cDNA synthesis, as base mis-incorporation frequency increases with length. While other reports have described methods to overcome premature termination of reverse transcription due to RNase H activity and mRNA secondary structure, none so far has described the use of a proofreading function for reverse transcription. We believe the method presented here will greatly improve a technique that is widely used by molecular biologists.
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